The effects of UBM microstructures on the IMC growth of electroplated and stencil printed eutectic Sn-Ph solder bumps were investigated. The process parameters and their relations to UBM surface morphology and UBM shear strength have been established. For electroplating process, the plating current density is the dominant factor to control the Cu UBM microstructure. For stencil printing process, the zincation process has significant effect on the Ni UBM surface roughness and grain size. In both processes, the good adhesion of UBM to AI can be obtained in different UBM process conditions. Samples with different UBM microstructures were prepared by two processes and thermal aged at 85"C, 120°C and 15OOC. It was observed the Cu UBM surface roughness has larger effect on the IMC growth and solder hall shear strength than Ni UBM surface roughness.
Introduction
The demand for high U 0 density, cost effective. reliable packaging bas increased with the continuing growth of semiconductor industry. The solder-bumped flip-chip technology has many advantages over the traditional packaging including high density, high UOs, high electrical performance, low packaging profile [I] . Many different solder bumping processes have been developed. Among them electroplating process is one of the most well established bumping methods. The process includes metal deposition; thick photoresist patterning; copper stud and eutectic solder electroplating and reflow. Recently, stencil printing has been getting more popular because it eliminates expensive vacuum sputtering and photolithography process and thus offers a cost effective bumping process. The process involves pad pretreahnenVactivatiou, electroless Ni plating, solder paste stencil printing and reflow.
The reliability of solder bumps is always the primary concem of any bumping process. The excess IMC formation is always the source of the solder bump failures because of its brittleness property. The effect of IMC on the solder ball reliability has been studied by many researchers [2] , [3] . However, the UBM microstructure, particularly the effect of UBM surface roughness on the IMC growth has not been fully investigated. Furthermore, the comparison of IMC growth and reliability of Cu-based solder bump and Ni-based solder bump with different UBM microstructure has not been addressed.
The Cu UBM is formed by electroplating. The microstructure of Cu UBM is determined by many factors including bath temperature, electrolyte composition, and addictive amount. The most critical factor, however, is the plating current density. The large current density will cause coarsen and rough UBM microstructure. However, small plating current density will prolong the plating process and decrease the production throughput. The understanding of the relationship between plating current density and solder hump reliability is critical to the optimization of reliability, yield and production throughput.
The NdAu has been widely used as a surface fmish in electronic packaging industry for many years. The surface morphology of Ni humps is controlled by solution type (acid or alkaline), agitation, bath temperature, stabilizer concentration and particularly, the pretreatment or zincation process of aluminum pads. The double zincation process has been used as an industry standard because it can provide fmer and more uniform zinc coating and therefore smoother Ni UBM surface than single zincation [4] . But whether this surface roughness difference has adverse effect on the reliability of flipchip solder bump has not been investigated in detail and is one of the objectives of this research. The immersed Au acts as oxidation barrier and wetting layer. The deleterious effect of Au was reported to be caused by its reaction with Sn and Ni at the UBM and solder interfaces in BGA packaging [5]- [7] . In this study, the effect of UBM surface roughness on the Au reaction in flip chip solder bump will he examined. Two reliability tests were performed for the samples based on the two bumping processes. The tests were: (1) high temperature storage test at 85'C, 120'C and 150OC; (2) temperature and humidity test under HAST condition. The shear strength of solder bumps was evaluated by shear test at different stages and correlated to the IMC growth and microstructure of UBM.
Experimental Procedure A. Sample Preparation Elechoplating4-inch wafers were metallized with aluminum and patterned with daisy chain test structure. The silicon dioxide was then deposited and the 80um openings were formed on the aluminum pads. The adhesiveharrier layers consisted of sputtered l O O O A T i m and 4000A Cu. A positive photo-resist with l0Opm opening was used as the mask for the Cu stud and eutectic Sn-Pb solder bump electroplating. After the plating of Cu stud and eutectic solder, the photo-resist and the adhesivebarrier film outside solder were removed The reflow process was conducted under a typical reflow profile with a peak temperature of 22OOC. The solder ball height was lOOpm k 4 p . Copper UBMs with four surface roughness values were made by varying the plating current density from IOmA/cm2 to 60 mA/cm2 at the temperature of 25OC during copper deposition process. The fabrication process flow is shown in Fig. 1 .
Current density
(mA/cm2) Fig. 1 The process flow of electroplating process S t e n c i l p r i n f i n r l to 1 . 5~ AI was sputtered on the 4-inch wafers. After patterning, the passivation was deposited by PECVD and the openings were made by wet etching. The aluminum pads were then activated by the zincation processes. The nickel bumps were plated on the activated aluminum pads by using the electroless nickel plating solution. A 5 minutes immersion gold process was performed to deposit a thin layer of gold on top of the nickel bumps. A DEK260 printing machine was used to print fme-meshed solder paste on the wafers. Finally the sphere shaped solder balls were formed by reflow. The solder ball height was IOOpm k5pm. One group of samples labeled as 'S" were activated by single zincation process and the other group labeled as "D" were activated by double zincation process. Ni bumps with different surface roughness were produced based on these two zincation processes. The fabrication process flow is shown in Fig. 2 Ra (4 Stencil printing-The nickel bumps were plated on the aluminum pads by the reaction: 2H2PO;+ 2H,@ Niz+ --f Ni+ 2H++H,+ 2H,PO; Due to the aluminum high affinity for oxygen, the aluminum pads is rapidly covered with an oxide layer which impedes the formation of a metal-to-metal bonds and has to be activated by the zincation process:
The single zincation process goes through sodium hydroxide degrease, nitride acid etch and one time zincation. The double zincation goes through a second time nitride acid etch and zincation after the fust zincation. Table II shows the roughness data of A I surfaces after different zincation process and Ni bumps based on theses AI pads. The single zincated aluminum pads were much rougher than those treated by double zincation. Fig. 4 shows the Ni UBM microstructures on single and double zincated Al pads.
The Ni bumps surface morphology strongly depended on the zincation condition. Ni grain size is less than l p for the double zincated samples, whereas for single zincated samples the Ni grain sue is in the range of 5pm to 10pm. The shear test of Ni bumps w a s performed after Ni plating. For samples with single zincation pretreatment, the shear strength is 145MPa and for those with double zincation pretreatment, the value is 127MPa. The SEM pictures of shear fractures are shown in Fig. 5 . For double zincated samples, the fiactures were located at the aluminum and silicon dioxide layer interface. For single zincated samples, the fractures occurred at the aluminum and nickel interface. Although the failure modes are different, both the single and double zincation pretreatment can provide sufficient adhesion of Ni bumps to aluminum pads. The zincation process does not affect the Ni bumps shear strength as much as the Ni bumps surface morphologies. And the ratio of CqSn to the total IMC thickness also depended on the Cu UBM microstructure. Fig. 7 and Fig. 8 show that the growth rate of CqSn was slowest for the roughest group SR-4 while the growth rate of CusSn5 was the fastest for this group. Fig. 9 shows the calculated activation energy for the growth of IMC layers. The activation energy increased as the Cu UBM surface roughness decreased. 
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I~~x I o -~K -~) Fig. 9 h h e n i u s plots for the growth of the total Cu-Sn IMC layers Stencilprinting-Two layers of IMC were observed in SEM cross-sectional pictures of solder bumps aged at 15OOC for just Sohrs. Fig. 10 shows the microstructures of group S and group D and the corresponding solder bump cross-sections Fig. 11 shows the EDX results of two IMC regions. The ternary IMC is close to (Ak4Nio~)Sn, in composition. The Au-Ni-Sn ternary IMC was found in both the single and double zincated samples at all aging temperatures. The morphology of IMC does depend on the aging temperature. At 150°C, the IMC was well attached to the UBM and flat-layered growth can be observed for both IMCs. However, at 120°C and 8S°C, the IMC growth was quite irregular and some IMC was spalled into solder bulk as shown in Fig. 12 . The thickness of IMC versus time at 150'C was plotted in Fig. 13 . Since there was no Au-Ni-Sn IMC near the interface immediately after reflow, it can be seen the formation of Au-Ni-Sn was quite rapid initially. The first 50hrs showed dramatic increase of IMC thickness but after 50hrs the growth was slow down. In addition, the growth rate of Ni& shows less difference for the two sets of samples. It was reported the ternary (A&Ni&Q IMC w a s formed by Au diffusion back to the interface and the IMC growth rate was controlled hy the diffusion rate of Au [5] , [7] . The Au diffusion is the main controlling factor of Au-Ni-Sn IMC growth and the UBM surface roughness does not seem to play an important role. As a result, both the single and double zincated samples shows similar ternary IMC thickness. After most of the Au in the solder was consumed the growth of IMC Il slowed down and stopped eventually. The small difference of IMC II thickness could be contributed to the slightly different deposition rate of An during the Au immersion step. The Arrhenius plots for the Ni,Sn, growth are shown in Fig. 14 . The activation energy of N&SQ IMC is in the range of 0.6eV to 0.7eV. The activation energy of (A&Ni,,)SQ IMC was not measured due to Au fast diffusion rate. The results are shown in Fig. 15 and Fig. 16 .
It was found that the shear strength of solder bump for the varying Cu surface conditions was not very different before 5OOhrs of aging. The shear strength of SR-4 sample began to decrease after aging for 600hrs at 150°C, but the results of other samples did not decrease as much as SR-4 with the increased aging time. From 600hrs to 8OOhrs aging time, the shear strength of SR-3 and SR-4 samples ranged form 10 grams to 75 grams, but that of SR-1 and SR-2 samples distributed from 40 grams to 75 grams. The reliability of SR-3 and SR-4 samples degraded after 8OOhrs aging. For the sample groups with low Cu surface roughness (SR-1, SR-2), failure modes I and Il occurred after 8OOhrs of aging. The growth of Cu-Sn IMC layer did not adversely affect the reliability of solder joints prepared from SR-1 and SR-2 samples. Fig. 17(a) showed the Mode I fracture surface. The shear strength of Cu-Sn IMC layer became lower than that of Sn-Pb solder bumps because there were cracks and voids insider IMC layer. The shear strength of solder joint was determined by Cu-Sn IMC layer. Large cavities were observed on the kacture surface for those samples having a rough Cu surface as shown in Fig. 17(b) . We believe the large Cu grains on the rough Cu surface caused these cavities. 
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Conclusions
The UBM process and its relation to UBM microstructure and IMC growth for the electroplating process and stencil printing process were investigated. The following conclusion can be drawn from this study:
The Cu UBM surface roughness is controlled by Cu plating current density. To obtain good uniformity and reliability, the plating current density should be less than 40mA/cm2. The total Cu-Sn IMC thickness increased with the increased Cu UBM surface roughness. The activation energy for the total IMC growth is in the range of 0.78eV to 1.14eV. The shear strength and failure mode after thermal aging test is affected by the Cu UBM microstructures. The shear strength of solder bumps with fme Cu surface was determined by the solder properties, d e r e a s that with rough surface was determined by the IMC layers properties. 
